A monoclonal antibody, designated J-57, selectively and uniformly decorates the interphase nuclei and mitotic chromosomes of a variety of eucaryotic cells as demonstrated by indirect immunofluorescence. As determined by enzyme-linked immunosorbent assay, however, this monoclonal antibody is not monospecific. It preferentially binds to histones, polylysine, and polyarginine with approximately equal affinity, and crossreacts weakly with cytochrome c, RNase A, and brain tubulin. By these tests monoclonal antibody J-57 has broad cross-reactivity similar to that of antisera directed against polylysine. The differential reactions of this monoclonal antibody suggest that it may be a useful immunohistochemical probe for nuclei and chromosomes in whole cells.
During the course of collecting anti-tubulin monoclonal antibodies, we isolated a novel antitubulin monoclonal antibody which has a broad spectrum of cross-reactivities, including cross-reaction with polylysine, polyarginine, histones, cytochrome c, and brain tubulin. This paper describes some of the interactions of this monoclonal antibody with cultured cells and purified proteins.
MATERIALS AND METHODS
Indirect immunofluorescence. Primary chicken embryo fibroblasts were obtained from the skin of 8-day-old white leghorn chicken embryos and cultured on glass cover slips in Dulbecco minimal essential medium plus 10% fetal bovine serum. HeLa cells were cultured similarly. Ameoba proteus cells were a kind gift from Lester Goldstein, University of Kentucky, Lexington. Amoebae were placed on cover slips and fixed for 10 min in acetone at -20°C. Chicken embryo fibroblasts and HeLa cells were fixed either in methanol at -20°C for 10 min, acetone at -20°C for 10 min, or methanol at -20°C for 10 min, followed by acetone at -20°C for 5 min or 3.7% Formalin in phosphate-buffered saline at room temperature for 20 min and overnight at 4°C and then acetone at -20°C for 10 min. Indirect immunofluorescence was performed as described by Fujiwara and Pollard (3) . The second antibody was fluorescein isothiocyanate-labeled antimouse immunoglobulin (H and L chain) made in rabbits (Miles Laboratories, Inc.).
Enzyme-linked immunosorbent assay. Calf-thymus histones and histone fractions (f1, f2a, f2b, f3), polyarginine, and polyhistidine were obtained from Sigma Chemical Co. Salmon sperm DNA was a kind gift from Robert E. Rhoads, University of Kentucky. Polylysine was purchased from Polysciences, Inc. Tubulin was purified from 14-day-old chicken embryo brain cells by three cycles of warm-cold assembly, followed by chromatography on phosphocellulose (13) . The ac-and P-tubulin polypeptides were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (12) , and the individual bands were excised. The polypeptides were eluted from the gel, stripped of SDS, and renatured as described by Hager and Burgess (7) . The histones, polyarginine, and polyhistidine were dissolved in * Corresponding author.
high-ionic-strength buffer (0.2 M borate [pH 8.0], 1.5 M NaCl), and polylysine, DNA, and tubulin were diluted in borate-buffered saline (0.02 M borate [pH 8.0], 0.15 M NaCI). Samples (100 ,ul containing from 1 mg to 10 ng of test material per ml) were adsorbed to wells of a 96-well microtiter plate (3911; Falcon Plastics) and placed in a moist chamber at room temperature overnight. After the adsorption, all buffers contained only 0.15 M NaCl. Unoccupied sites on the microtiter plates were blocked with 10 mg of bovine serum albumin per ml of borate-buffered saline (pH 9.0) at 150 ,u per well for 1 h at room temperature with one change. Media (100 ,ul per well) containing J-57 monoclonal antibody was added and incubated for either 3 h at 37°C or overnight at room temperature. Controls were wells to which only bovine serum albumin had been adsorbed. Wells were washed three times with borate-buffered saline, pH 8.0, plus 1 mg of bovine serum albumin per ml. Horseradish peroxidase-linked anti-mouse immunoglobulin (H and L chain from Tago, Inc.) was diluted into 1 mg of bovine serum albumin per ml of borate-buffered saline (pH 8.0), and 100-,ul samples were incubated for 1 h at 37°C. Wells were washed three times with borate-buffered saline, pH 8.0, and 50 pt of substrate (0.4% o-phenylenediamine and 0.012% H202 in phosphate-citrate buffer [pH 5.0]) was added to each well. After 30 min at room temperature, wells were scored visually (+++ + indicated maximum substrate conversion andindicated a reaction equivalent to blanks; + + + indicated a reaction with an optical density at 492 nm of >2, + + indicated a reaction with an optical density at 492 nm of 1.2 to 2.0, + indicated a reaction with an optical density at 492 nm of 0.3 to 1.2, and ± indicated a reaction with an optical density at 492 nm of 0.1 to 0.3).
Polyacrylamide gels. Polyacrylamide gel electrophoresis was by the method of Laemmli (12) .
J-57-secreting hybridomas. The J-57-secreting hybridomas are the result of a fusion between BALB3/c mouse spleen lymphocytes and NS-1 myeloma cells. The BALB/c mouse was immunized intraperitoneally with 0.1 mg of phosphocellulose-purified chicken embryo brain tubulin which had been cross-linked with 2% glutaraldehyde, dialyzed against water, and emulsified in complete Freund adjuvant. Boosters of 0.1 mg of tubulin (prepared as described above) in incomplete Freund adjuvant were administered intraperitoneally every 2 POLYLYSINE MONOCLONAL ANTIBODY 205 weeks for a month, followed by monthly boosters for the next 5 months. At 4 days after the last booster, the spleen was removed, and the lymphocytes were fused with NS-1 cells (6, 19) . The mouse serum contained antitubulin antibodies (by enzyme-linked immunosorbent assay [ELISA]) but was not tested for autoantibodies. The J-57-secreting hybridoma was selected by using a tubulin ELISA in which 10 ,ug of tubulin per ml of borate-buffered saline, pH 8.0, was adsorbed to wells of a microtiter plate. The J-57 hybridomas have been cloned twice by the limited dilution technique and have been stable in culture for over 1 year.
RESULTS AND DISCUSSION Isolation and analysis of the hybridoma secreting J-57 monoclonal antibody. The hybridoma secreting J-57 monoclonal antibodies resulted from the fusion of mouse spleen lymphocytes with mouse myeloma NS-1. The hybridoma was selected by using a tubulin ELISA, in which it consistantly gives a light positive reaction (scored qualitively as ±). In a 125I-labeled tubulin precipitation test (13) saturating amounts of the J-57 antibodies can specifically precipitate about 10% the maximum 125I-labeled tubulin counts specifically precipitated with a polyclonal antitubulin antiserum. For these reasons, J-57 was classified as an antitubulin monoclonal antibody. The antibody was typed as IgG2a with kappa light chains.
Location of cellular binding sites. The cellular binding site for the J-57 monoclonal antibodies was determined by indirect immunofluorescence microscopy. Figure 1 (Fig. la) . The species specificity of the antibody was tested by using HeLa (human) cells and amoebae. J-57 antibodies decorate the HeLa nuclei and chromosomes (Fig. 2) . The HeLa nuclei were decorated uniformly. Nucleoli, distinct in phase contrast, were often not distinguished by immunofluorescence; however, in some cells the nucleoli seemed to bind less antibody, appearing darker in the immunofluorescence micrographs. The full breadth of the species independence of the antibody was demonstrated by its binding to amoeba nuclei (Fig. 3) . The very bright areas in the cytoplasm may be incompletely digested Tetrahymena nuclei in secondary lysosomes or other autofluorescent material. The remainder of the cytoplasmic fluorescence in Fig. 3 is equivalent to or less than that of control cells which were incubated only with second antibody. The J-57 antibody also decorated nuclei of Drosophila (salivary gland cells), hamster (ovary), and PTK1 cells (data not presented).
Since HeLa cell cultures contain many mitotic cells, the distribution of the J-57 antibody-binding sites can be monitored throughout mitosis (Fig. 2) . As the chromatin condenses in prophase the antibody-binding pattern becomes very bright over the condensing chromatin, and fluorescence is lost from the rest of the nucleoplasm. When chromosomes are clearly distinguishable in metaphase, the antibodies bind uniformly along the length of the chromosome. During anaphase and telophase the antibodies decorate only the chromosomes or chromatin. In all of the cells examined, the antibodies do not bind to any region of the spindle of mitotic cells as would be expected from antitubulin monoclonal antibodies or polyclonal antisera described in the literature (for example, references 4, 5, 10, and 18).
Identification of the antigen(s). Since the cellular binding site of this monoclonal antibody was restricted exclusively to the nuclei and chromosomes of cells, it did not behave as a typical antitubulin antibody. Since the antibodies decorated nuclei and chromosomes, the possibility that the nuclear antigen was DNA or histones was investigated. Purified DNA gave a negative result by ELISA, but calf thymus histones adsorbed to the microtiter plate wells at a concentration of 10 ,ug/ml gave maximally positive results (+ + +). Next, different concentrations of calf thymus histone fractions f1, f2a, f2b, and f3 and polylysine, polyarginine, and polyhistidine were tested. The only negative results occurred with polyhistidine. All of the histone fractions, polylysine, and polyarginine gave maximally positive reactions (+ + +) up to a concentration of 1 ,ug/ml at 100 p.l per well.
These results strongly suggested that the J-57 antibodies were directed to sequences of basic amino acids, lysines, or arginines. In other words, J-57 was an antipolylysine and antipolyarginine monoclonal antibody. Antipolylysine antisera has been described by Sandberg and Stollar (15) , who showed that these polyclonal antisera reacted with calf thymus histones, polylysine, and several other proteins with high lysine content (RNase, cytochrome c, and lysozyme). tubulin tested (+) on the same plate, but cytochrome c gave a more positive reaction (+ +) at concentrations of 0.1, 0.01, and 0.001 mg/ml added at 100 ,ul per well. The very broad cross-reactivity of this monoclonal antibody contrasts sharply with the precise results obtained with the indirect immunofluorescence localization of the cellular binding sites for the J-57 monoclonal antibody. A high avidity between the J-57 monoclonal antibody and the abundant histones in the nuclei and chromosomes of these cells might override other cross-reactions.
The strikingly positive results with basic polypeptides raised the possibility that the J-57 antibody recognized a contaminant in the phosphocellulose-purified tubulin preparations, perhaps a histone contaminant. No polypeptides comigrated with the histones in purified tubulin preparations as judged by SDS-polyacrylamide gels stained with Coomassie blue (data not shown), proving that histones are not a major contaminant. Unsuccessful attempts were made to immunologically identify the antigen by electrophoretically transferring polypeptides from SDS-polyacrylamide gels onto nitrocellulose sheets (1, 16) . SDS-polyacrylamide gels containing phosphocellulose-purified tubulin, a chicken embryo brain supernatant obtained at 50,000 x g, purified calf thymus histones, and detergent extracts from chicken embryo brain and HeLa cells gave consistently negative results by immunoblots. Immunoprecipitation of [35S]methioninelabeled HeLa cell extracts was also negative (9) . All of these procedures incorporate detergents in the buffers. The possibility that detergent was interferring with the antigen-antibody interaction was investigated by using the ELISA to compare tubulin eluted from SDS gels with the same tubulin which had been stripped of SDS and renatured (7) . Tubulin is (12) . Consequently both purified ot-and P-tubulin can be used in the ELISA. Negative results were obtained when both (x-and ,-tubulin were simply eluted from the SDS-polyacrylamide gels (detergent was bound to tubulin). However, an ELISA performed with detergentstripped, renatured ox-or r-tubulin (-10 Fig/ml) was positive (±). Thus, although antibody might react with very minor contaminating polypeptides in the tubulin preparation, it can reproducibly interact with highly purified tubulin polypeptides which are not contaminated with histones.
This relationship between J-57 antibodies and tubulin is unexpected because tubulin is considered an acidic protein.
Periodically, polyclonal anti-tubulin antisera will decorate the nuclei of cells as well as the microtubule cytoskeleton, but the immunoglobulins decorating the cytoskeleton can be affinity-purified away from those decorating nuclei by using a tubulin affinity matrix (8; unpublished observations). It is possible that the parental mouse from which J-57 was derived was producing autoantibodies against histones, polyarginine, or polylysine. The parental mouse was never screened for autoantibodies since antitubulin monoclonal antibodies were being isolated. Thus, it is not known whether the parental lymphocyte for the J-57 hybridoma was producing autoantibody or antibodies stimulated by the tubulin immunization.
In either case the monoclonal antibodies do react slightly with tubulin, an acidic protein with only 34 lysines and 43 or 44 arginines for 895 or 896 amino acid residues (11, 14, 17) . This is not totally impossible since there are regions of conserved sequence containing basic residues beginning at residue 390 in the P-tubulin peptides and beginning at about residue 160 in the sequenced ot-tubulins (11, 14, 17) . These sequences may be the binding site of the J-57 antibodies on tubulin, or another site may be generated by folding to bring other basic residues close together. Should this be true, these basic amino acid residues may be located in or near the monomer-monomer binding region of tubulin peptides, a region not exposed in the tubulin dimer or the microtubule; J-57 does not bind to microtubules and does not seem to bind to tubulin dimer. Media containing J-57 monoclonal antibodies reacted positively (±) with both a-or P-tubulin (ca. 10 ,ug of a-or 3-tubulin per ml at 100 .1l per well). Reactions were comparable to those for native phosphocellulose-purified tubulin at the same concentrations. When high concentrations of tubulin (>1.0 mg/ml) were adsorbed to the microtiter plate, there was no binding of J-57 monoclonal antibodies. Tubulin incubated in the wells at a concentration of 0.1 or 0.01 p.g/ml (ca. 10-6 to 10-7 M tubulin) gave a positive result (±). These data suggest that the J-57 monoclonal antibodies interact with monomeric tubulin, since the apparent dissociation constant for tubulin dimer to monomer is 2.7 x 10-7 M (2).
In summary, the J-57 monoclonal antibody appears to react with basic amino acid sequences. For this reason it cannot be considered a monospecific monoclonal antibody, but it does have a very high affinity and avidity for histones as well as polylysine and polyarginine. In contrast to these results, binding of J-57 is restricted to nuclei and chromosomes in indirect immunofluorescence localization. The J-57 antibody cross-reacts with a variety of purified proteins by ELISA presumably because each contains sequences or domains of basic amino acid residues, but it preferentially reacts with histones, polylysine, and polyarginine.
